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SUMMARY

An investigation to determine the division of aerodynamic loads on

a wlng-tip-mounted ducted-propeller configuration was conducted in the

17-foot test section of the Langley 300-MPH 7- by lO-foot tunnel. The

semlspan-model tests were conducted through a duct-angle range (90o to

0 °) and an advance-ratio range (0 to 0.699) to cover conditions of

hovering flight and transition flight.

Most of the normal-force and pitching-moment loads experienced by

the configuration were carried by the duct at transition speeds. The

propeller and wing contribution to the overall normal force and pitching
moment were small.

The overall lift of the configuration can be increased through the

transition speed range by flying at a positive angle of attack and by

the addition of some high-lift device such as a flap.

INTRODUCTION

At the present time the tilt-duct aircraft is being considered as

one of the possible desirable configurations for a propeller-driven VTOL
aircraft. (See ref. 1.) The ducted propeller is favored for some appli-

cations because of the reduction in propeller diameter made possible by

using the duct and because of the protection to personnel afforded by

the duct. Some information on a ducted-propeller configuration is pre-

sented in references 2 to 5, including some data on the division of

loads between the propeller and the duct in reference 3. The purpose of

the present investigation was to determine the division of loads between

the wing and duct on a wing-tip-mounted ducted-propeller configuration

and to obtain additional data on the division of loads between the pro-

peller and duct.
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The present investigation was conducted with two duct inlet con-

figurations. In hovering and low-speed flight a large (static) inlet
was used. In the cruise condition such an inlet would have been

undesirable because of its high drag. For this reason an inlet with a

small leading-edge radius was provided for the high-speed flight condi-

tion. An aircraft based on this model would therefore be required to

have an inlet with variable geometry.

The model testing was conducted in the 1T-foot test section of the

Iangley _)O-MPH 7- by 10-foot tunnel. Data are presented for a number
of duct angles (90° to 0°) and advance ratios (0 to 0.699) through a wing

angle-of-attack range. The duct angles and advance ratios were chosen to

cover the flight conditions for hovering and transition. Data are also

presented for the high-speed or cruise condition.

The effect of the ground and the effect of deflecting the slipstream

by deflector vanes in the rear of the duct were also investigated.

L

1

9
0
0

SYMBOLS

A

AD

Ap

b

CL

%

%

%

axial force, total configuration, ib

axial force, duct-propeller combination, lb

axial force, propeller, lb

wing and duct span (60 in., twice the span of semlspan model,

used in nondlmensionallzing data), in.

lift coefficient, L__
qS

total semispan configuration bending-moment coefficient

(X-axls) (see fig, _), MX

qs b
2

total configuration pitching-moment coefficient (see fig. _),

qSc

total semispan configuration bending-moment coefficient

(z-axis)(seefig. Mz
qs k
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c

d

dD

h

L

MX,D

_y

My,D

_Y,P

_Z,D

N

ND

Np

power coefficient,
2_nQ

Tp

propeller thrust coefficient, pn2d4

longitudinal force coefficient, X__
qS

wing chord, 9.66 in.

propeller diameter, 13.24 in.

duct exit diameter, 14.03 in.

distance from duct pivot to groundboard

total configuration lift (based on full span), Ib

propeller moment transfer distance, 1.45 in.

total semispan configuration bending moment (X-axis), including

propeller torque component (see fig. 5), ft-lb

duct bending moment (X-axls), including propeller torque

component (see fig. 5), ft-lb

total configuration pitching moment, ft-lb

duct total pitching moment, including propeller moment, ft-lb

propeller pitching moment, ft-lb

total semlspan configuration bending moment (Z-axis), including

propeller torque component (see fig. 5), ft-lb

duct bending moment (Z-axis), including propeller torque

component (see fig. 5), ft-lb

total configuration normal force, lb

duct normal force, including propeller normal force, lb

propeller normal force, lb
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n

Q

q

r/R

S

TD

T o

V

X

C_

propeller rotational speed, 13_ rps

propeller motor torque, ft-lb

dynamic pressure, 21--_,V2

ratio of the radius of the propeller blade element to the

propeller-tip radius

total wing and duct planform area (total wing area, 292 in.),

534 sq in.

duct plus propeller thrust, lb

propeller thrust, lb

thrust, .(TD,hovering = 60 lb, based on two-ducthovering

configuration)

free-stream velocity_ ft/sec unless otherwise noted

longitudinal force (wind axes), lb

wing angle of attack, deg

blade-section an@le, 24 ° measured at the 75-percent blade

span, deg

duct deflection, measured from the wing chord line (see fig. 5),

deg

density, slugs/cu ft
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MODEL DESCRIPTION

Photographs showing two views of the model mounted in the tunnel

are presented in figure 1. A two-view drawing of the model is shown in

figure 2.

The model w_s mounted on a reflection plane 3 feet above the floor

of the tunnel in order to have the model located in a more uniform flow

field. The wing of the model was constructed of wood. A steel spar ran

through the center of the wing to support the duct. The semispan wing

was mounted on a five-component strain-gage balance.

J



The duct loads were measured on a six-component strain-gage balance

which attached the duct to the wing. This balance slipped into a clamp

arrangement inside the wing, so that the duct could be rotated through

560 ° and set at any desired incidence with respect to the wing. The

total propeller and spinner forces were measured by strain-gage beams

inside the motor nacelle housing.

Figure 2 shows the two duct inlets used during the tests. The

geometric characteristics of the duct are presented in figure 3. The

lines of the static inlet were generated by deflecting the forward

17 percent of the duct chord outward 45 ° as shown in figure 2.

The six-blade propeller was constructed of glass fiber with a

plastic filler. Propeller-blade characteristics are presented in fig-

ure 4. For all the po_er-on tests the propeller blade angle was set at

2& ° at the 75-percent blade radius and the propeller rotational speed

was 8,000 rpm. The propeller blades had a tip clearance of O.1 inch.

A few tests were run with steel deflector vanes in the rear of the

model as shown in figures 1 and 2. A split flap (fig. 2) was also used

for some of the tests.

Ground-effect tests were conducted with an 8- by 8-foot groundboard

located 17.89 inches from the duct pivot. The groundboard extended

3 feet ahead of and _ feet behind the balance center line.

TEST TECHNIQUE

The test conditions were chosen to simulate flight transitions for

zero longitudinal force at wing angles of attack of 0 ° and lO ° . The con-

dltlon of zero longitudinal force will correspond to steady level flight

when the data are scaled so that the lift equals any assumed airplane

weight at the angles of attack for zero longitudinal force. The scaling

parameters presented in reference 2 can be used for this purpose. The

data, as presented, are not conditions of steady level flight because

the llft is not constant; however, the zero longitudinal force condition

will be referred to as a steady level flight condition throughout this

paper for convenience.

The test procedure consisted of setting the propeller rotational

speed at 8,000 rpm, with the model wing at angles of attack of 0° or lO °

for a given duct angle, then adjusting the tunnel speeduntil zero longi-

tudinal force on the model was obtained. This tunnel speed produced the

advance ratio required for a condition of steady level flight at wing

angles of attack of 0 ° or lO ° (depending on the desired angle of attack

for zero longitudinal force). This speed was held constant as the data
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were taken through an angle-of-attack range. A similar procedure was

used to obtain simulated accelerating and decelerating flight conditions

by testing at tunnel speeds above and below the speed for steady level

flight.

The power-off Reynolds number was about 5003000 based on a wing

chord of 9.66 inches. The maximum tunnel velocity was approximately

lO0 feet per second.

No wind-tunnel corrections have been applied to the data_ however 3

corrections are believed to be small. For possible insight into tunnel-

wall corrections reference 6 can be used.

PRESENTATION OF RESULTS
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The free-stream dynamic pressure was used to nondimensionalize the

power-off data and some power-on data in the relatively hlgh-speed flight

condition. However, in the transition speed range, coefficient data

based on the free-stream velocity would approach infinite values near

hovering flight. To avoid this problem transitlon-speed-range data have

been nondimensionalized by dividing by the hovering thrust. This thrust

(60 pounds) used to nondimensionalize the data was obtained from the

hovering condition in the tunnel (8 = 90 ° , m _ 0°). Data in figures 6

to 20 have been nondimensionalized based on this hovering thrust.

Velocity has been nondimensionalized by using V/nd. The value of nd

was held constant at 147 feet per second throughout the tests. Figure 21

presents coefficients based on the free-stream dynamic pressure.

Positive sense of forces, moments, and angles is presented in fig-

ure 5. Moment reference points are indicated in figures 2 and }.

The basic dlvlsion-of-loads data (figs. 6 to 16) are presented

about different reference axes. Pictured with each set of data is the

appropriate axis system about which that set of data has been presented.

The experimental results of this investigation are shown in the

following figures:

Figure

Division of loads:

Variations with angle of attack:

Static duct configuration (h/c = _):

Steady level flight:

_X--O) _ 0°; 5 : 90 ° to 65 ° ................

_X=O) _ 0°; 8 : 60 ° to 0° ................

6

7
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Figure

8

9

_X=O) = i0°; 8 = 80 ° to 60 ° ............

_X=O) = 10°; 5 = 40 ° to 0° ................

Accelerating flight:

_ i0°; 5 = 60 ° to lO ° ................. i0

Decelerating flight:

= 10°; 5 = 80 ° to $O ° ................. ll

_ lO°; 5 = 90 ° to 60 ° ................. 12

Cruise duct configuration (h/c = _):

m(X=0) = 10°; 8 = 40 ° to 0° ................. 15

Ground effect (h/c = 1.85):

_X--O) = lO°; 8 = 80 ° to _0 ° ................ 14

_<x:o) _ 1°°; 5 = 2o° .................... 15
Effect of deflector vanes .................. 16

Ratio of propeller thrust to duct thrust ........... 17

Effect of advance ratio (steady level flight):

Ratio of propeller thrust to total thrust ........... 18

Division of pitching-moment loads ............... 19

Division of lift loads, including the effect of a

split flap deflected _0 ° and ground effect ......... 20

Flight characteristics:

Cruise configuration (power off and power on) .......... 21

Transition performance ..................... 22

DISCUSSION ANDANALYSIS

Division of Loads

Pitching moment and normal force.- The primary purpose of this

investigation was to determine the division of loadso n a wing-tip-mounted

duct. The data in figures 6, 7, 8, and 9 represent typical advance ratios

and duct angles for a steady-level-flight transition from hovering to for-

ward flight. The data in figures 6 and 7 represent a steady level flight

condition with _ near 0°; figures 8 and 9 show corresponding data for a

steady level flight condition with m near lO ° . A comparison of the

data in figures 6(b) and 6(c) shows that the normal force and pitching

moment of the duct-propeller combination is essentially equal to the

normal force and pitching moment of the entire configuration.

Figure 6(d) presents the forces and pitching moments of the duct-

propeller combination referred to the duct body axes. Figure 6(e) is a

plot of the propeller forces and pitching moments presented about the



duct body axes. It can be seen in figure 6(d) and figure 6(e) as well
as in the remaining basic figures 7 to 16 (parts (d) and (e)) that most
of the normal force and pitching momentis being carried on the duct.
These data are in agreement with the results of reference 3 in which a
ducted-propeller arrangement (without a wing) showedthat most of the
normal force and pltching-moment load was on the duct. Figure 19, which
is based on data taken from figures 6, 7, 8, and 9, indicates more
clearly the division of pitching momentbetween all componentsof the
configuration.

Thrust and axial force.- In parts (d) and (e) of figures 6 to 16

the division of loads between the propeller axial force (thrust) and the

total-duct axial force is presented. In figure 17 a comparison of pro-

peller thrust to total thrust has been presented for a number of advance

ratios through an angle-of-attack range. For the static inlet at the

lower advance ratios and higher angles of attack Tp/T D remains nearly

constant. However, as advance ratio is increased and angle of attack

decreased Tp/T D increases rapidly. This increase is due to flow sepa-

ration from the external surface of the static inlet. The cruise inlet,

which does not experience external lip stall at the advance ratios shown,

experiences only a small increase in Tp/T D with decreasing angle of

attack. At the advance ratios of the tests the cruise inlet is still

carrying the same percentage of the thrust that it carried statically.

The reason for the higher value of Tp/T D for the configuration with

the cruisezinlet than for the confi6urat_on with the static inlet in

hovering Ifig. 17(b); m + 5 = 90°; n_ = O) appears to be an internal flow

separation near the leading edge of the cruise inlet configuration which

decreases the duct thrust.

Two typical transitions which correspond to a steady level flight

condition _,C(_{X--O__ O°j _(X=O) _ lO °)_ have been presented in figure 18 as

a function of advance ratio. In hovering (V/nd = O) approximately 50 per-

cent of the total thrust is coming from the static inlet duct. As the

speed is increased (V/nd = 0.7) the large increase in drag due to flow

separation (as previously mentioned) causes Tp/T D to rise sharply.

For the cruise inlet duct in hovering the ratio of Tp/T D is 0.6 as

compared with 0.5 for the static inlet duct at m _ l0 °. Internal lip

stall on the cruise inlet duct causes duct thrust to decrease; therefore,

a higher ratio of Tp/T D results. Advance ratios representative of true

cruising flight were not covered in the investigation, but other data

(ref. 7) indicate that at cruising conditions the duct contribution to

thrust is very small and can be slightly negative.

P

L

1

9
0

0



Wing and flap effectiveness.- In figures 20(a) and (b) lift data

have been presented as a function of advance ratio for two typical steady

level flight transitions ,---(_X=0)_ 0° and a<X_0 ) _ 10°_. Transition-

speed-range data for a split flap deflected 50 ° is also presented. The
J

main purpose of this plot is to indicate the effectiveness of the wing

and a flap in carrying the lift load in the transition.

It can be seen from figure 20(a) that in a transition at an angle

of attack of 0° essentially all the lift is carried on the duct-

propeller combinations. By increasing angle of attack and deflecting a

flap (fig. 20(b)) the wing contribution to lift can be appreciably

increased, but within the range of this investigation the duct is still

carrying most of the load. As previously noted, the propeller carries

half the load in hovering and at very low speeds.

Ground effect.- Basic division-of-loads data are presented for a

ground-effect condition (h/c = 1.85) in figures 14 and 15. Figure 20(c)

is a comparison of the division of llft loads through the transition

speed range for the configuration in ground effect with those for the

configuration out of ground effect. No noticeable difference for the

division of loads or for the overall loads is evident between the data

for the configurations in and out of ground effect.

Other data presented.- Model power coefficient, thrust coefficient,

and propeller pitching moment are presented in part (f) of figures 6 to

16. Bending moments of both the entire configuration and the duct only

are presented in parts (g) and (h) of figures 6 to 16.

Division-of-loads data are also presented for the static duct con-

figuration with deflector vanes in the rear of the duct (fig. 16). The

purpose of the deflector vanes was to deflect the duct slipstream to the

sides of the model. Similar vanes might be used in the hovering con-

figuration of an aircraft when the duct slipstream would interfere with

any operations being conducted directly beneath.

Flight Characteristics

Cruise confi6_ration.- The power-off and high-speed power-on data

are presented in figure 21. The high drag of the static inlet configu-

ration is due to flow separations from the back of the static inlet as

previously mentioned.

The power-on data plots for the wing and the static duct of fig-

ure 21 indicate a break in the liftDlongitudinal-force polar near a llft
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coefficient of 1._. This break is due to the wing stall as indicated by
the data in figure 9, parts (b) and (c) (V/nd = 0.689, 5 = 0°). The
normal force of the total configuration (fig. 9(b)) indicates a break in
the curve at an an_le of attack of approximately 20° • The normal-force
plots of the duct Qfig. 9(c)) showno change in the slope of the curve
up to an angle of attack of 30°; therefore, with no indication of slope
change on the duct it can be concluded that the duct is not stalled.

Transition performance.- A direct comparison of the transition

flight characteristics of the configuration in the present paper has been

made with the configuration of reference 2 in figure 22. The assumed

aircraft weighs 33000 pounds, as in reference 2, and has an exit diameter

of 54.05 inches; in this manner the same exit area loading is maintained.

The power required in the present investigation appears to be some-

what higher than that of reference 2. A possible reason for the higher

power required is the larger tip clearance of the propellers in the

present investigation (O.1 inch as compared with 0.04 inch for ref. 2).

References 8 and 9, reports which discuss tip clearance effects, give

further insight into possible thrust and power losses. The different

propeller geometry in the present investigation may also contribute to

the higher power.

The smaller pitching moments experienced on the present model are

probably due to the shorter distance from the inlet to the moment refer-

ence point.
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CONCLUDING EEMARKS

As the result of an investigation of the division of aerodynamic

loads on a wing-tip-mounted ducted-propeller model, the following general

conclusions have been observed:

i. The duct is the primary source of the total-configuration normal

force and pitching moment in the transition speed range.

2. In hovering, for the static duct configuration approximately

50 percent of the total thrust is produced by the duct and 50 percent is

produced by the propeller.
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3- The overall lift of the configuration can be increased through

the transition speed range by flying at a positive angle of attack and

by the addition of some high-lift device such as a flap.

Langley Research Center,

National Aeronautics and Space Administration,
Langley Air Force Base, Va., February 19, 1961.
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(a) Front view.

Figure i.- Photographs of model in tunnel. L-61-1366
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Figure 4.- Propeller-blade geometric characteristics.
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